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Abstract:  
The 3-Dimensional (3D) printing technology in the construction sector has seen an 
accelerating growth owing to its potential advantages. For this layer-based construction, 
a detailed investigation on fire performance is necessary. However, there are limited 
research studies for 3D Printed Concrete (3DPC) walls exposed to fire. Therefore, this 
paper investigates the fire performance of different types of 3D printed concrete walls 
using validated Finite Element Models (FEMs).  Validated heat transfer FEMs were 
extended to investigate the fire performance of a range of 3DPC wall configurations 
(solid, cavity, and composite) under standard fire conditions. The results show that 3DPC 
non-load bearing cavity walls underperform when subjected to standard fire compared to 
solid 3DPC walls. The novel composite 3DPC walls with the use of Rockwool as cavity 
insulation offers superior fire resistance. 
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Concrete technology is one of the research areas where many novel inputs are observed. 
Novel types of concretes are introduced day by day depending on various applications 
and performance. Lightweight concrete, cellular concrete, self-consolidating concrete, 
self-curing concrete are few of them. Building Additive Manufacturing (BAM) which is 
known as 3-Dimensional Concrete Printing (3DPC) is also one of the novel types of 
innovative fabrication technologies of concrete which is now well established around the 
world [1, 2]. Extrusion-based printing is a type of 3DPC which is an emerging 
construction technique to build the desired structure layer by layer without using any type 
of formwork [1, 3]. The nozzles can be mounted on a gantry or a robotic arm and extrude 
any free form shape according to the input digital design [4-6].  
This integration of digital technology into the building construction industry has exhibited 
remarkable transformation by changing the design and manufacturing processes (see Fig. 
1). According to Peng et al. [5], 3DPC has a wealth of benefits to the construction industry 
in terms of increased customization with design freedom and potential productivity 
improvements with reduced construction time, workforce, and construction cost [1-4, 6]. 
The ability of free form construction is the significant benefit as formwork makes up 
approximately 60% of the materials which assist in the 3DPC has been proven to save up 
to 60% of construction waste, 70% of production time and 80% of labour costs [7].  These 
claims are also supported by Balletti et al. [6], who have remarked the potential need of 
3DPC in combatting the demands for rapid urbanisation and the housing crisis, which is 
an ever growing and concerning issue.  
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As the research interest into 3DPC is increasing, several theories and design tools have 
been mainly developed to evaluate the structural performance of wall structures in 3D 
concrete printing processes [8-13]. However, as this technology is still in its early stages, 








Figure 1: World’s largest 3D concrete printed building in Dubai (Apis-Cor built the office with a 
robotic printer, 2020 [14]) 
Fire performance is one of the significant design aspects, which has to be explicitly 
evaluated to achieve the resilient and optimum design. Structural fire damage can be 
identified as one of the severe conditions that a structure could undergo during its life 
span, especially in high rise buildings. According to the literature, more than thousands 
of lives are lost annually due to structural fires [15, 16]. It is difficult to terminate the fire 
generation in structures entirely, but the damage could be minimized by limiting and 
delaying the fire spreading, which will give more evacuation time to occupants. When it 
comes to fire spreading, boundary wall material of the buildings plays a vital role. Fire 
and the heat transfer could be either controlled or accelerated depending on the boundary 
wall material.  
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In general, conventional concrete structures have a notable reputation for their fire 
performance and past researchers have studied the behaviour of concrete for fire 
extensively [15-19]. It is a non-combustible material, which serves as good insulation 
with low thermal conductivity, high heat capacity and slower strength degradation with 
temperature [16, 19-21]. Even though well-established design guidelines and elevated 
temperature performance data are available for normal-weight concrete, very few 
literatures are found for evaluating the fire performance of 3D printed concrete. 
The significance of studying the fire behaviour of 3D printed concrete structures can be 
discussed as follows. Though the 3DPC technology is replacing the need of conventional 
form poured concrete, the material behaves like a mortar rather than the typical concrete 
[22, 23]. In addition, concrete mixes used for 3DPC have much higher strength, which is 
more vulnerable to spalling compared to normal concrete due to the higher binder/fine 
aggregate ratio and the lower water/binder ratio [11, 23]. Hence, it should be tested to the 
same standards which align with concrete and mortar to make the results comparable. In 
addition, several initial researches in printable concrete show the vulnerability of the 
structures due to low strength at bond interfaces [24-28]. The bond strength of a 3D 
printed concrete specimen is interconnected with many parameters such as material 
viscosity, time gap between printing the layers and contact area between the successive 
layers [13, 24, 27, 29]. Hence, it is important to analyse the effect of extrusion and 
material deposition process on the fire resistance and the behaviour of the interlayer 
bonding at elevated temperatures. Moreover, the fire performance of 3D printed concrete 
wall depends on a number of factors including the material composition, density of the 
material, thickness of the wall, wall configurations and the type of insulation. Wang et al. 
[30] evaluated the structural performance of 3D printed concrete elements with four 
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different types of interior hollow structures. The finding of considerable mechanical 
strength achievement with less material from the study has driven towards the lightweight 
optimization of 3DP modular members for the assembly constructions. However, the 
behaviour of such innovative structures towards fire has to be investigated.  
Fire performance of a structural element could be evaluated through three criteria—
Insulation, Integrity and Structural (load bearing).  An insulation criterion measures the 
heat transfer through the element; Integrity criteria check the fire flame penetration 
through the element and structural measures the load-bearing ability during the fire.  Fire 
tests are the conventional method of determining these criteria. Element is exposed to a 
standard fire and unexposed surface temperature (Insulation), flame penetration 
(Integrity) and deflection of the element (load-bearing) are measured [16-18]. Since most 
of the 3D printed concrete walls are non-load bearing insulation and integrity criteria are 
more crucial. 
In order to address the aforementioned issues, Weng et al. [31] performed an experimental 
study to evaluate the printability and mechanical properties of a developed 3D printable 
fibre reinforced cementitious material under elevated temperature. Another preliminary 
experimental study has been conducted by Cicione et al. [32] to investigate the behaviour 
of 3D printed concrete at elevated temperatures. 
On the other hand, conducting fire tests are very expensive, time-consuming and 
destructive. Moreover, the evaluation of a structure’s performance under realistic fire 
conditions requires advanced computational modelling [33]. Finite element method is one 
such method that can be utilized to determine the fire performance of structural elements. 
Once the developed model is validated with the experimental results, parametric 
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variations could be done in the model and determine the fire performance variations with 
those parameters.  
Therefore, there is an inevitable absence of standardizations and literatures to investigate 
the behaviour of 3D printed concrete structures at elevated temperatures. Besides, no 
research has been conducted to date to investigate the fire performance of 3DPC wall 
panels numerically. Hence, this study is focused on investigating the fire performance 3D 
printed concrete wall panels numerically using the experimental results presented by 
Cicione et al. [32].  
Initially, two-dimensional and three-dimensional Heat transfer Finite Element (FE) 
models were developed using ABAQUS [34] finite element software. Similarly, two-
dimensional heat transfer finite element model was developed using MATLAB. The 
developed FE models were validated against the results obtained from the available 
experimental study. Then the validated 3D FEM was used to perform a detailed 
parametric study to determine the insulation fire rating of non-load bearing 3D printed 
concrete wall panels with five different densities, four different solid wall thickness, and 
three different wall configurations with and without Rockwool insulation. The results of 
the detailed FE study of non-load bearing 3DPC walls are presented and discussed. 
2. Experimental Study 
Cicione et al. [32] conducted a preliminary experimental investigation on the behaviour 
of 3D printed concrete at elevated temperatures. Both 3D printed concrete samples and 
mould casted concrete samples were tested. The samples were exposed to a high incident 
heat flux through radiant panels rather than testing them under conventional standard fire 
furnace conditions. This method was used to study the effect of thermal curvature and 
induced stresses more easily by creating thermal gradients in small samples. In addition, 
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simplified one-dimensional heat conduction was used for the experimental setup to 
analyse the complex behaviour of 3D printed concrete at elevated temperatures. It was 
concluded that 3D printed concrete is less vulnerable to spalling as a result of higher 
permeability and porosity compared to conventional casted concrete. All samples cracked 
during the experiments and the failure was identified along the interlayers, indicating that 
the material strength is lower at the interface. In this study, only the results of 3D printed 
concrete samples were used for the numerical analysis. 
2.1. Sample Preparation 
Experimental study has been conducted for eight samples in total including, two (2) 
normal concrete panels (NCC) with the dimensions of 160×160×40 mm, three (3) 3D 
printed concrete (3DPC) panels of 160×165×50 mm and three (3) 3D printed and cut 
samples to have a smooth surface (C3DPC) of 160×160×40 mm.  The 160 mm wide 3D 
printed concrete samples were extracted from a 560 x 240 x 165 mm (Length × Width × 
Height) rectangular printed section as shown in Fig. 2.  
 
Figure 2: (a) Rectangular printed concrete section with 15 mm layer height; (b) 3DPC Sample;  
(c) Cut 3DPC Sample [31] 
 
 
                                (a)                                                (b)                                          (c) 
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2.2. Experimental Setup 
Direct radiation of approximately 50-60 kW/m2 was applied through the radiant panels 
perpendicular to the front face of the sample (Fig. 3). Twelve (12) thermocouples had 
been placed on the 3D printed concrete samples; as 4 thermocouples between printed 
layers, 4 thermocouples within the printed layers, and 2 thermocouples on the front and 
back of the sample surface, respectively. The variation of temperature measurements with 
time on the fire exposed face (Front), middle point and unexposed face (Back) were 
recorded. The samples were heated until a temperature of 300°C on the thermocouples 
connected to the middle of the samples. In order to ensure a 1-dimensional heat transfer, 
the sides of the samples were entirely covered with ceramic blanket and the backside was 
open to the environment. An approximate distance of 50 mm was maintained between the 
radiant panels and the test samples.  





3. Development of Finite Element Model 
3.1. General 
This section presents detail on the FE modelling of heat transfer behaviour of 3D printed 
concrete walls. Three types of 3D printed wall configurations: (a) solid wall; (b) cavity 
and (c) composite (cavity filled with insulation material) were investigated through FE 
analysis.  The fire performance of the 3D printed concrete walls can be assessed through 
1D, 2D, and 3D analysis. Simplified 1D and 2D models can be employed to simulate the 
fire performance assigning appropriate thermal properties and boundary conditions. 
However, 3D analysis is usually capable to capture the fire behaviour of full-scale walls 
allowing the application of partial boundary conditions, varying cavity shapes, also across 
the depth. This study investigates both 2D and 3D analyses of 3DPC walls exposed to 
fire. 2D and 3D Heat transfer FE analysis of these wall configurations were performed 
using a general-purpose, commercially available FE software package, ABAQUS [34]. 
Also, a 2D heat transfer finite element model was developed using MATLAB to 
determine the unexposed surface temperature variation of 3D printed concrete wall 
panels exposed to fire conditions.  
3.2. Elevated temperature thermal properties  
Thermal FE modelling development of 3D printed concrete wall configurations is hugely 
relying on the key controlling parameter of temperature-dependent thermal properties of 
the material [17, 31]. Thus, the input of accurate thermal conductivity, specific heat, and 
relative density variations with elevated temperature govern the thermal behaviour. This 
study involves investigating the fire performance of 3DPC non-load bearing walls with 
and without cavity insulation. Therefore, the thermal properties of the 3DPC and cavity 
insulation are described herein. 
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EN 1992-1-2 [35] provides the thermal properties at elevated temperatures in terms of 
thermal conductivity, specific heat, and density of concrete with siliceous and calcareous 
aggregates. These temperature-dependent thermal properties were employed in the FE 
models with suitable modifications. It is worth to mention that specific heat variation was 
slightly modified within 20-120 °C temperature range while initial density (at room 
temperature) was considered as the density of the 3D printed concrete. These 
modifications were verified against the experimental fire test results of 3D printed 
concrete (explained in Section 4). Fig. 4 depicts the considered and proposed thermal 
properties of 3D printed concrete at elevated temperatures. 
In construction, light steel frame walls are composed with light gauge steel studs and fire-
resistant wall boards fixed on either side of the studs. Cavity enclosed by the wall boards 
and studs is generally filled with insulation materials such as Rockwool, glass fibre, and 
cellulose fibre for better fire performance in non-load bearing walls [36]. In this study, 
possible fire performance improvement of 3DPC cavity walls was investigated using 
Rockwool as insulation material. Fig. 5 illustrates the thermal conductivity variation of 
Rockwool insulation material. At elevated temperatures, Rockwool maintains constant 








Figure 4: Thermal properties of 3D printed concrete: (a) Relative density; (b) Thermal 
conductivity; (c) Specific heat 
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3.3. Heat Transfer model in Abaqus 
2.3.1 Thermal loading and boundary conditions  
Thermal loading and boundary conditions were assigned to the FE model to behave 
similarly to the actual conditions. This loading was applied to the 3-D printed concrete 
vertical wall surface as boundary condition. The time-temperature response at fire side of 
3D printed concrete wall was defined to follow ISO 834 standard fire curve [38]. This 
was assigned using amplitude curve. Eq. 1 presents the time vs temperature response 
defined by the standard fire curve. Here 𝑇  is the temperature at time 𝑡. The initial 
temperature of the 3D printed concrete wall is assumed to be room temperature. 
𝑇 = 345 log10(8𝑡 + 1) + 20                    (1) 
Heat transfer across a 3DPC wall occurs through three major heat transfer modes, namely, 
conduction, convection, and radiation. All these heat transfer methods were considered 
in the FE models. Fig. 6 shows heat transferring methods of solid and cavity 3DPC walls. 
Thus, the heat flux at the boundary is calculated from temperature of the curve (𝑇) and 
temperature at surface (𝑇𝑎). Qc and Qr are heat transfer through convection and 
radiation hence 𝑞 is the heat flux. 
                           𝑞 = 𝑄𝑐 + 𝑄𝑟                    (2) 
𝑄𝑐 = ℎ𝑐(𝑇 − 𝑇𝑎) (3) 
    𝑄𝑟 = 𝜖𝜎 (𝑇
4 − 𝑇𝑎
4) (4) 
Where ℎ𝑐 is the convection coefficient of the material, 𝜖 is the relative emissivity 
of the material, and 𝜎 is the Stefan–Boltzmann constant (5.67x10−8 W/(m2°C4)). 
The conduction effect was incorporated into the FE models using suitable conductivity 
values at elevated temperatures as discussed in Section 3.2. The convection effect was 
simulated defining convective film coefficients. These coefficients vary for fire and 
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ambient sides. For fire side a higher convective film coefficient value was defined while 
that of for ambient side is 25 W/(m20C) of the 3DPC walls to simulate convective heat 
loss to the outside environment.  
 
Figure 6: Heat transfer mechanism in 3DPC walls in fire: (a) Solid wall; (b) Cavity wall 
 
The heat transfer radiation was simulated by applying a specific emissivity radiation 
coefficient to the 3D printed wall surfaces. For the fire and ambient side of the 3D printed 
wall surfaces a surface emissivity radiation of 0.7 was applied. It is noteworthy to mention 
that the heat transfer through the air cavity by means of conduction and convection is 
assumed to be negligible. When 3D printed concrete wall was subjected to fire, the air 
inside the enclosed cavity was motionless leading to a negligible convective heat transfer. 
Similarly, the low thermal conductivity of the air inside the cavity leads to negligible heat 
transfer by the means of conduction [39]. Thus, major source for the heat transfer within 
cavity is radiation enclosed by cavity surfaces. These cavity surfaces were selected and a 
cavity radiation emissivity of 0.7 was assigned. Similar modelling techniques were 
Convection Conduction Radiation 
(a)                                                                                                        (b) 
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employed by past researchers [36, 38, 39] to model light steel frame wall configurations. 
The assigned boundary conditions are illustrated in Fig. 7. 
Figure 7: Applying fire loading as a boundary condition 
2.3.2 Element type and mesh refinement 
Meshing techniques and selection of suitable element type are directly related to the 
accuracy of the numerical model. 3D printed concrete wall and cavity insulation was 
modelled using heat transfer solid elements (DC3D8) which are 3D 8-node linear brick 
element with one degree of freedom per node.  Considering the convergence of the results, 
mesh size was selected to capture the heat transfer across the 3DPC wall. In cavity 
insulated 3DPC walls continuity between the concrete and insulation material surface for 
heat transfer was ensured using tie constraint option available in ABAQUS. This creates 
a solid-solid heat transfer between them. ABAQUS FE model mesh refinements for 
different wall configurations such as 200 mm thickness solid wall, cavity wall panels and 
cavity insulated composite wall panels are shown in Figs.8-10 respectively.  
Ambient Side 
Convection coefficient = 25 W/(m2. ) 
Radiation of emissivity = 0.7 
Cavity Radiation 
Radiation of emissivity = 0.7 
Fire Side 
ISO 834 Standard fire curve 
Radiation of emissivity = 0.7 
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Figure 8: Mesh refinements of Solid wall panels 
 
Figure 9: Mesh refinements of Cavity wall panels  
 
Figure 10: Mesh refinements of cavity insulated wall panels 





2.3.3 Solution method  
To investigate the thermal behaviour, ABAQUS allows performing uncoupled and 
coupled thermal analysis. Coupled analysis is typically employed to investigate combined 
mechanical-thermal behaviour. Since, considered 3DPC wall configurations are non-load 
bearing, uncouple heat transfer analysis was performed. Time-temperature variations can 
be obtained to study the thermal response of 3DPC walls. 
2.4 Heat Transfer model in Matlab 
MATLAB Partial Differential Equation (PDE) toolbox was used to develop the 2D 
heat transfer finite element model in order to determine the insulation fire rating of 
3D printed concrete wall panels. Partial differential equations could be solved 
through finite element modelling with the aid of MATLAB PDE toolbox.  
Eq. (5) is the general partial differential equation used in MATLAB PDE toolbox 
where m, d, c, a, f are constants and u is the variable that could be defied for a time-







− 𝑐∇2𝑢 + 𝑎𝑢 = 𝑓 (5) 
The governing partial differential equation in a heat transfer problem is given in 
Eq. (6) where ρ is the material density, Cp  is the material-specific heat, k is the 
material thermal conductivity, T is the temperature, t is the time, 𝑡𝑧  is the thickness 





2𝑇 + 2𝑄𝑐 + 2𝑄𝑟 = 0 (6) 
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Qc and Qr in the Eq. (6) are defined in the Eq. (3) and Eq. (4). Hence, the complete 





2𝑇 + 2ℎ𝑐𝑇 + 2𝜖𝜎𝑇
4 = 2ℎ𝑐𝑇𝑎+2𝜖𝜎𝑇𝑎
4 (7) 
Hence, the modified partial differential equation for solving the transient heat 
transfer problems in MATLAB is developed from substituting the constants m, d, 
c, a, and f as given in Eq. (8) - Eq. (12) with u variable as the temperature (T).  
𝑚 = 0 (8) 
𝑑 = 𝜌𝐶𝑝𝑡𝑧  (9) 
𝑐 = 𝑘𝑡𝑧 (10) 





The wall panel thickness was considered for the FE model. Geometry was created by 
dividing the wall thickness into small elements, and as per the previous time step 
temperature results, each element material properties were defined. Mesh size was 
selected by considering the convergence of the results. Fire loading was applied to the 
wall as a temperature boundary condition. The temperature boundary condition was 
defined as a time-temperature variation as per the standard fire condition. Fig. 11 shows 
the FE model meshing and results of the FE model and Fig. 12 shows the temperature 







Figure 11: Matlab modelling (a) Geometry, (b) Meshing, (c) Front side temperature variation, (d) 











Figure 12: Temperature contour (40 min) 
  (a)                                                                         (b) 
(c)                                                                         (d) 
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4. Validation of Finite Element Model 
Validation of the developed simulation is essential to evaluate the accuracy of the 
developed models; the assumed simplifications for the model applications, and the 
material characterization. Hence, the unexposed surface temperature results obtained 
from the Finite Element Analysis (FEA) were compared with the experimental results 
presented by Cicione et al. [32].  
Initially, the elevated temperature properties of normal weight concrete available in 
Eurocode 2 were used as the material model and the midpoint temperature and unexposed 
surface temperature with time were obtained as results. According to the results, for NCC, 
the midpoint temperature variation was matching with FE results but slight variation in 
unexposed temperature variation was identified. For 3DPC and C3DPC models, the 
unexposed surface temperature and the mid-temperature have shown considerable 
variations for some samples. The mid-point temperature variations were observed due to 
the differences in thermocouple placements in the experimental program. Hence, it has 
been decided to slightly modify the specific heat variation of 3D printed concrete slightly 
between 20 to 120°C temperatures to match the unexposed surface temperature to obtain 
more accurate results in FE model in 3D printed concrete. To achieve this, three different 
specific heat variations were considered and the variations which give accurate results in 
predicting the unexposed surface temperature variation was selected.  The selected 
specific heat variation is shown in Fig. 4(c).  
Subsequently, experimental results were compared with both ABAQUS and MATLAB 
models. The comparison of experimental results 3-D FEA in ABAQUS results of the 
unexposed surface temperature with time of three samples of 3DPC are shown in Figs. 
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13 (a)-(c). Similarly, the time-temperature variations of three C3DPC samples are 
presented in Figs. 14 (a)-(c). 
The comparison of experimental results with 2-D FEA in ABAQUS and 2-D FEA in 
MATLAB is presented in Table 1 and Table 2 for 3DPC samples and C3DPC samples 
respectively. 
Experimental curves of unexposed surface temperature show excellent agreement with 
FEA curves.   Since the experimental temperature and FE model temperature results are 
matching, it could be concluded that modified properties proposed for the 3D printed 
concrete could be utilized for parametric analysis of insulation fire performance of 3D 
printed concrete walls.  
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Figure 13 (b): Comparison of Experimental results with 3-D FEA in ABAQUS results for 3DPC(S2) 
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Figure 14 (a): Comparison of Experimental results with 3-D FEA in ABAQUS results for 
C3DPC(S1) 
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Back (Exp) Back (3-D Abaqus)
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Table 1: 2-D FEA Validation for 3DPC Samples 
Comparison of Experimental results with 2-D 
FEA in ABAQUS 
Comparison of Experimental results with 2-D 
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Front (Exp) Front (2-D Matlab)
Back (Exp) Back (2-D Matlab)
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Table 2: 2-D FEA Validation for C3CPD Samples 
Comparison of Experimental results with 2-D 
FEA in ABAQUS 
Comparison of Experimental results with 2-D 
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Front (Exp) Front (2-D Matlab)
Back (Exp) Back (2-D Matlab)
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5. Insulation fire ratings of 3D printed concrete wall panels with different 
parameters  
5.1. General  
As per the previous section 2D and 3D models have been developed and validated against 
available experimental results, 3D Heat transfer FE analysis for different wall 
configurations was performed using ABAQUS CAE the commercially available 
software. Then the developed FE model was used to determine the insulation fire ratings 
of non-load bearing wall panels. Hence, the model was extended to study ten 3D printed 
wall specimens against several parameters such as density of the concrete material, wall 
thickness and different wall configurations with and without cavity insulation. 
5.2. Wall Panel Specimens 
3D printed solid wall panels with different thicknesses are used in the industry for better 
thermal and acoustic characteristics. When the thickness of the wall is increased, energy 
and acoustic performance being enhanced however, compensating on material costs and 
carbon foot print. The most critical issue with thick concrete wall panels is the challenging 
nature of handling the panels at the construction site, due to increased weight. Complying 
with currently available 3D printed wall panels in the industry, wall thicknesses of 50, 
100, 150 and 200 mm have been chosen to observe the effect of thickness of the wall 
panels for the fire performance. 
Moreover, three innovative cavity wall panel specimens of 200 mm overall thickness have 
been selected in order to reduce the overall panel weight. Those three wall panels 
integrating the Rockwool cavity insulation were also studied as three additional wall 
specimens. Table 3 presents the cross-sections and dimensions of wall specimens that 
have been investigated in the study. 
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 S1, S2, S3 & S4 – Solid wall panels of 50mm, 100 mm, 150mm and 200mm thickness 
 C1, C2 & C3 – Cavity wall panels 
 CI1, CI2 & CI3 – Cavity insulated wall panels 
 All dimensions are shown in millimeters 
 The percentages within brackets are referred to the weight reduction per unit length of the wall with respect to 
the S4 specimen 
 Weight reduction percentages of Cavity Insulated panels were derived considering the density of Rockwool and 
concrete as 100 and 2000 kg/m3 
3DPC elements applied in the construction industry exhibit densities ranging from 1800 
to 2400 kg/m3 [8, 11-14]. At the same time density of the material has a great influence 
on the heat transfer model which determines the time-dependent temperature through wall 
specimens in case of a fire accident [15, 16]. Hence, the density of concrete material was 
identified as a dominant parameter that affects the Fire Resistance Level (FRL) and five 
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density values were selected for the heat transfer analyses of the ten wall configurations. 
i.e.: 1800, 2000, 2150, 2250 and 2400 kg/m3. Therefore, the parametric study consists of 
fifty (50) non load bearing 3D printed wall specimens, which have been numerically 
analyzed for the FRL based on insulation criterion. The details of parametric study are 
presented in table 4. 
Table 4: Parametric Study Outline 
Density (kg/m3) Wall Configuration Thickness (mm) Number of models 
1800 Solid 50, 100, 150, 200 4 
 C1, C2, C3 200 3 
 CI1, CI2, CI3 200 3 
Sub Total   10 
2000 Solid 50, 100, 150, 200 4 
 C1, C2, C3 200 3 
 CI1, CI2, CI3 200 3 
Sub Total   10 
2150 Solid 50, 100, 150, 200 4 
 C1, C2, C3 200 3 
 CI1, CI2, CI3 200 3 
Sub Total   10 
2250 Solid 50, 100, 150, 200 4 
 C1, C2, C3 200 3 
 CI1, CI2, CI3 200 3 
Sub Total   10 
2400 Solid 50, 100, 150, 200 4 
 C1, C2, C3 200 3 
 CI1, CI2, CI3 200 3 
Sub Total   10 




6. Results and Discussion 
The standard fire curve, ISO 834 was applied on firesides of the heat transfer Finite 
Element Models (FEM) of wall specimens and the time-dependent unexposed side 
temperature was determined from ABAQUS CAE tools. Since the unexposed side 
temperature rise should not exceed 1400C in average and 2000C at any point to satisfy 
the fire resistance in insulation criterion according to Eurocode 2 [35], the insulation fire 
rating values were determined from the unexposed side temperature variation of each wall 
specimen. 
6.1. Solid Wall Panels 
The FRL based on insulation criterion of S1, S2, S3 and S4 solid wall specimens with 
respect to the density of concrete and thickness of the wall has been summarised in Table 
4. The results show the variation of insulation fire rating of the solid walls with different 
wall thickness and different material densities. It is clearly seen that the insulation fire 
rating is increasing with the increase in density for all the wall panels regardless the 
thickness. Moreover, the insulation fire rating increment is visible with increasing wall 
thickness.  
Table 4: Insulation Fire Rating of Solid Wall Panels 
Wall Specimen (thickness) S1 (50 mm) S2 (100 mm) S3 (150 mm) S4 (200 mm) 




1800 kg/m3 14 65.5 195 >300 
2000 kg/m3 15 70 218 >300 
2150 kg/m3 16 75 232 >300 
2250 kg/m3 16.5 78 240 >300 




Fig. 15 demonstrates the temperature distribution of the solid wall S4 (200 mm) model at 




Figure 15: Temperature contours of 200 mm solid wall at different time intervals; 
(a) 0 min, (b) 30 min, (c) 1hr, (d) 2hrs, (e) 3hrs, (f) 4hrs 
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6.2. Cavity Wall Panels 
The insulation criterion based FRL of C1, C2 and C3 cavity wall specimens has been 
compared against the reference S4 solid wall specimen as presented in Table 5. Solid wall 
configuration showed better fire performance compared to the cavity wall configurations. 
Considerable reduction in insulation fire rating has been identified for all three different 
configurations. However, Cavity wall configuration 2 showed the improved fire 
performance compared to the other two configurations. The comparison of insulation fire 
rating among the considered three cavity wall configurations is presented in Table 6.  
Table 5: Insulation Fire Rating of Cavity Wall Panels 
Wall Specimen (thickness) C1 (200 mm) C2 (200 mm) C3 (200 mm) S4 (200 mm) 




1800 kg/m3 44 110 72 >300 
2000 kg/m3 48 120 78 >300 
2150 kg/m3 50 130 83 >300 
2250 kg/m3 52 132 87 >300 
2400 kg/m3 55 138 91 >300 
















C2 compared to C1 17 60 60 61.5 60.5 60 
C2 compared to C3 10 34.5 35 36 34 31 





According to the results displayed in Table 6, cavity wall configuration 2 (C2) exhibits 
60 % enhanced fire performance in average with 17% additional material compared to 
cavity wall configuration 1 (C1). Similarly it shows an increased fire performance of 34% 
in average with 10% additional material requirement compared to cavity wall 
configuration 3 (C3). Moreover, C3 behaves better than C1 for fire.  
Figs. 16-18 illustrate the temperature distribution of the cavity wall panel models C1, C2 
and C3 at 0 min, 30 min, 1 hr, 2 hrs, 3hrs and 4 hrs of exposure to the standard fire. 
 
 
Figure 16: Temperature contours of C1 wall panel at different time intervals; 









Figure 17: Temperature contours of C2 wall at different time intervals; 
(b) 0 min, (b) 30 min, (c) 1hr, (d) 2hrs, (e) 3hrs, (f) 4hrs 
 
 
Figure 18: Temperature contours of C3 wall at different time intervals; 
(a) 0 min, (b) 30 min, (c) 1hr, (d) 2hrs, (e) 3hrs, (f) 4hrs 
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6.3. Rockwool Insulated Composite Wall Panels 
In order to improve the behaviour of the same three cavity wall configurations towards 
fire exposure Rockwool has been used as a cavity filling material. The unexposed surface 
temperature under standard fire condition was considered and the insulation fire rating 
for each configuration was determined. Insulation based fire rating of the Rockwool 
insulated cavity wall specimens are compared against the reference S4 solid wall panel is 
shown in Table 6. 
Table 6: Insulation Fire Rating of Rockwool Insulated Wall Specimens 
Wall Specimen (thickness) CI1 (200 mm) CI2 (200 mm) CI3 (200 mm) S4 (200 mm) 











Introducing Rockwool as a filling material has increased the fire performance 
considerably. The insulation fire rating higher than 5 hours (300 min) has been achieved 
with 61%, 50% and 55% of material reduction for CI1, CI2 and CI3 respectively 
compared to the solid wall panel. Figs. 19-21 illustrate the temperature distribution of the 
cavity insulated wall panel models CI1, CI2 and CI3 at 0 min, 30 min, 1 hr, 2 hrs, 3hrs 
and 4 hrs of exposure to the standard fire.  Fig. 22 shows the time temperature variation 
of the wall configuration with 1800 kg/m3 with standard fire exposure. Figs 23 -27 
illustrate the comparison of unexposed surface temperature variation of all the wall 
configurations under standard fire condition for considered material densities.  
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Figure 19: Temperature contours of CI1 wall at different time intervals; 
(a) 0 min, (b) 30 min, (c) 1hr, (d) 2 hrs, (e) 3 hrs, (f) 4 hrs 
Figure 20: Temperature contours of CI2 wall at different time intervals; 
(a) 0 min, (b) 30 min, (c) 1hr, (d) 2 hrs, (e) 3 hrs, (f) 4 hrs 
 
                      (a)                                               (b)           (c) 
                      (d)                                               (e)           (f) 
                      (a)                                               (b)     (c) 
                      (d)                                               (e)    (f) 
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Figure 21: Temperature contours of CI3 wall at different time intervals; 











Figure 22: Comparison of Unexposed Surface temperature variation of all the wall configurations 
with 1800 kg/m3 with standard fire  
                      (a)                                               (b)      (c) 
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Figure 23: Comparison of Unexposed Surface temperature variation of all the wall configurations 
with 1800 kg/m3 under standard fire condition  
 
Figure 24: Comparison of Unexposed Surface temperature variation of all the wall configurations 
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Figure 25: Comparison of Unexposed Surface temperature variation of all the wall configurations 
with 2150 kg/m3 under standard fire condition  
 
 Figure 26: Comparison of Unexposed Surface temperature variation of all wall 

















































 Figure 27: Comparison of Unexposed Surface temperature variation of all  wall 
configurations with 2400 kg/m3 under standard fire condition  
 
7. Conclusions  
This paper has presented the results of numerical analyses on the thermal performance of 
3DPC walls that included both the conventional cavity walls and the new composite wall 
configurations. It involved details of FEM of 3DPC walls, thermal results from heat 
transfer analysis under standard fire conditions, and their validation with fire test results. 
The developed FEM showed a good agreement with transient time-temperature profiles 
obtained from experiments. In total 50 FEMs of 3DPC walls with three different 
configurations (solid, cavity, and composite) and with different densities were developed 
to simulate the thermal behaviour. The proposed thermal properties for 3DPC concrete, 
which were successfully validated against fire test results, were employed in FEMs. 
Numerical analysis showed that non-load bearing 3DPC cavity walls were detrimental to 

























The considered cavity walls were up to 64% lesser in weight compared to solid walls. 
While maintaining substantial weight reduction and to improve the insulation fire rating 
of 3DPC cavity walls, a novel composite system of Rockwool cavity insulation was 
examined. The novel composite 3DPC wall configuration demonstrated significant 
enhancement of insulation fire rating with negligible increment of the total weight. 
Therefore, novel composite non-load bearing 3DPC wall configurations are proposed to 
be employed in construction to achieve superior insulation fire rating with substantial 
material saving compared to solid 3DPC walls. 
3. Future Recommendation 
In this study, the temperature dependent thermal properties of normal concrete were 
employed with suitable modifications in the development of FE models for 3D printed 
concrete. No work had been carried out on the variation of thermal properties with 
temperature such as thermal conductivity, specific heat capacity and density of 3D 
printable concrete mixture. Hence, thermal properties of 3D printable concrete at elevated 
temperatures should be determined and studied in the near future..  Moreover, the fire 
behaviour of 3D printed concrete walls made with different void sections is yet to be 
assessed. 
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